Introduction proteins, kinetic data on GroEL-mediated folding in the absence of GroES suggested that folding could occur Chaperonins are large ring structures that use the enon GroEL (Corrales and Fersht, 1995; Itzhaki et al., 1995) . ergy of ATP hydrolysis to increase the efficiency of proRecently, it has been shown that substrates are protein folding in the cell (for reviews, see Gething and ductively released from a cis ternary GroEL-GroESSambrook, 1992; Hendrick and Hartl, 1993) . Members of polypeptide complex in which polypeptide and GroES the chaperonin family play an essential role in mediating are bound to the same ring of the GroEL double toroid folding in the cytosol of both prokaryotes and eukary- (Weissman et al., 1995) . The volume of the central chanotes and inside endosymbiotically derived organelles, nel of the GroEL ring in contact with GroES is approximitochondria and chloroplasts. The best characterized mately 2-fold greater than that of unliganded GroEL chaperonin is GroEL, found in the Escherichia coli cyto-(Chen et al., 1994; Weissman et al., 1995) . This increase plasm. It is a homo-oligomeric complex composed of results from an opening of the GroEL apical domains 58 kDa subunits arranged in two seven-membered rings upward and outward. Moreover, mutagenesis studies stacked back to back. GroEL binds a wide variety of suggest that GroES interacts directly with the apical substrate polypeptides in nonnative form in a central polypeptide-binding region of GroEL (Fenton et al., channel ‫54ف‬ Å in diameter (Braig et al., 1994) . Substrate 1994), probably via a mobile hydrophobic loop segment binding appears to be mediated by nonpolar interacthat extends downward from the overarching GroES tions between exposed hydrophobic side chains of the cochaperonin (Landry et al., 1993) . Whether this ennonnative protein and hydrophobic residues in the terlarged space can accommodate steps of polypeptide minal, apical domains of GroEL that face the central folding in the presence of ATP is unknown. In the preschannel (Fenton et al., 1994; Landry and Gierasch, 1994) . ence of ADP, however, fluorescence anisotropy studies Addition of ATP significantly weakens the affinity of have suggested that nonnative polypeptide inside this GroEL for polypeptide and is sufficient to allow the foldspace is held rigidly; correspondingly, biochemical studies indicate that even in the presence of GroES, ADP ing in vitro of some substrates. More generally, however, does not support the renaturation of substrates whose folding is dependent on the full GroEL-GroES chaperonin system (Mendoza et al., 1991; Martin et al., 1993; Weissman et al., 1995) .
Here, we have examined whether protein folding can occur inside the cis ternary complexes in the presence of ATP. For these studies, we have used stopped-flow fluorescence anisotropy to monitor early time-dependent changes in polypeptide flexibility. In addition, we have taken advantage of the fact that polypeptide remains confined within the GroEL central cavity in a single-ring mutant of GroEL unable to release GroES and in wild-type GroEL complexed with GroES in the presence of a nonhydrolyzable ATP analog. This has allowed us to determine whether polypeptide folding can be completed while a substrate resides in the GroEL central channel.
Results

Addition of GroES and ATP Leads to a Rapid Increase in Flexibility of a GroEL-Bound Polypeptide
To follow the flexibility of a polypeptide during a chaperonin-mediated folding reaction, we examined the timedependent changes in the fluorescence polarization anisotropy of a fluorescently labeled substrate polypeptide bound to GroEL. We employed the substrate protein rhodanese, a 33 kDa monomeric protein whose efficient folding is dependent on GroEL, GroES, and ATP (Mendoza in anisotropy did not depend on the concentration of GroES, suggesting that the decreases reflected conforStrikingly, stopped-flow fluorescenceanisotropy studies indicated that addition of ATP and GroES resulted in mational changes occurring after GroES binding. Importantly, only a small decrease in anisotropy ‫)500.0ف(‬ was a rapid decrease in anisotropy (r) ( Figure 1A) . A small decrease, from 0.102 to 0.097, occurred in the dead time observed with either ATP alone or GroES and ADP, conditions that are unable to support efficient folding of of the experiment (10 ms), followed by a larger timedependent change to a final value of 0.084. The kinetics rhodanese (Mendoza et al., 1991; Martin et al., 1993; see below). These observations argue that the decrease can be approximated as the sum of two exponentials: a major phase with a half-time of ‫1ف‬ s and a minor phase in pyrene anisotropy reflects functionally important conformational changes in polypeptide early in the GroELwith a half-time of ‫5ف‬ s. These times are considerably shorter than the previously measured half-times of remediated folding reaction. GroES can bind to a polypeptide-GroEL complex on lease of GroES and polypeptide of between 15 s and either the same GroEL ring as that occupied by polypeptide (cis) or the opposite ring (trans). Productive folding of a GroES-dependent substrate, however, has been observed only from the cis complex (Weissman et al., 1995) . Using a designed single-ring mutant of GroEL (Weissman et al., 1995) , termed SR1, it was possible to determine whether the increased flexibility observed above could occur in polypeptide bound in the productive cis ternary topology, because binding of GroES to SR1 can result only in the formation of cis complex. When ATP and GroES were added to a binary complex of pyrene-rhodanese bound to SR1, a rapid decrease in anisotropy was once again observed, with kinetics similar to that seen with the double-ring, wild-type GroEL complex, but with a somewhat larger amplitude ( Figure 1B) . As with wild-type GroEL, addition of GroES/ ADP or ATP alone produced only a small decrease in anisotropy. These data suggest strongly that, in the wildtype GroEL reaction, polypeptide residing under GroES in the productive cis topology increased in flexibility in the presence of ATP.
Rhodanese Is Trapped in a Sequestered Position under GroES in SR1
The wild-type GroEL-GroES complex is highly dynamic, as hydrolysis of ATP in the trans GroEL ring triggers the release of GroES (Todd et al., 1994). By contrast, the SR1 single-ring mutant of GroEL does not readily release GroES, even in the presence of ATP (Weissman et al., 1995) . This slow rate of release, which is most pronounced under low salt conditions, is likely to be a consequence of the absence of a ring in trans from which to communicate a signal for release. Consistent with this, addition of GroES to SR1 completely inhibited continued ATP hydrolysis (Weissman et al., 1995) . We first examined both the stoichiometry of GroES binding and the possibility that SR1 could transiently oligomerize into double rings in the presence of ATP and GroES by carrying out a Hummel-Dreyer experiment (Hummel and Dreyer, 1962) 
Rhodanese Trapped within the SR1-GroES Complex Reaches the Native State in the Presence of ATP
The failure of SR1 to release rhodanese even in the presence of GroES and ATP allowed us to determine directly the extent to which the polypeptide could fold while sequestered under GroES. Strikingly, we found that addition of ATP and GroES to SR1-rhodanese complexes resulted in efficient reactivation of rhodanese with a t1⁄ 2 of ‫7ف‬ min ( Figure 3A) . Moreover, the kinetics of rhodanese refolding resembled that from the wildtype GroEL reaction, despite the fact that, unlike SR1, ence of ADP. The similarity between SR1 and wild-type GroEL in both the kinetics of folding and the requirement for GroES and ATP suggests that folding mediated by due to adventitious binding of native rhodanese, be-SR1 is physiologically relevant.
cause mixing native rhodanese with SR1 resulted in Gel filtration analysis confirmed that the native rhocomigration of <1.0% of the rhodanese activity with SR1. danese generated from SR1-rhodanese complex remained associated with SR1. For this analysis, a folding reaction was initiated as before, and aliquots of the GFP in the SR1-GroES Complex Acquires Native Fluorescence but Does Not Tumble Freely reaction were passed over a gel filtration column, capable of separating 33 kDa native rhodanese from the 400 Examination of SR1-mediated refolding of green fluorescent protein (GFP) revealed that, like rhodanese, it was kDa SR1 complex in ‫2ف‬ min, before assaying rhodanese. The time course of the generation of rhodanese activity able to reach a native conformation within the central cavity of SR1. GFP is a convenient substrate for these associated with the SR1 peak ( Figure 3B ) revealed a steady increase in activity that paralleled the regenerastudies, as it is a monomeric protein whose intrinsic fluorophore shows no detectable fluorescence in the tion of total rhodanese activity seen in Figure 3A . At the final timepoint (45 min), >80% of the native rhodanese denatured state (Ward and Bokman, 1982) . In the native state, as shown previously, the fluorophore is buried was bound to SR1. By contrast, no more than 3% of the rhodanese activity generated during a folding reaction (Nageswara Rao et al., 1980) , and its fluorescence is affected by mutations distant in the primary sequence, from wild-type GroEL comigrated with the GroEL peak. The association of active rhodanese with SR1 was not indicating that it is sensitive to the tertiary structure of zero timepoints) and the high sensitivity of the bound protein to protease, as compared with native GFP (data not shown). Addition of GroES and ATP resulted in a rapid regeneration of GFP fluorescence (t 1⁄2 ≈ 1 min). In the case of SR1, gel filtration of the refolding mixture indicated that ‫%06ف‬ of the refolded GFP remained associated with SR1 ( Figure 4A ). Once formed, the complex between SR1, GroES, and refolded GFP was very stable, as there was no detectable loss of SR1-bound fluorescence even after 45 min of incubation ( Figure 4A ). In contrast with rhodanese, addition of ATP alone to an SR1-GFP complex, in the absence of GroES, promoted GFP refolding, albeit at a reduced rate (t1⁄ 2 ≈ 10 min). In the absence of GroES, however, none of the refolded GFP remained associated with SR1 ( Figure 4B ), consistent with the proposal that GroES was acting as a cap in preventing the egress of folded GFP from the GroEL central cavity (Agard, 1993). Addition of ATP and GroES to a binary complex between wild-type GroEL and unfolded GFP also resulted in the rapid regeneration of GFP fluorescence ( Figure 4C ). At the earliest timepoint (2.5 min), a small fraction of the fluorescence comigrated with GroEL. In contrast with SR1, however, almost none of the GFP activity remained associated with wild-type GroEL at later timepoints. To address whether fluorescent GFP associated with SR1 was fully native, we characterized its fluorescence properties further. The fluorescence excitation (data not shown) and emission ( Figure 5A ) spectra of SR1-bound refolded GFP were found to be identical to native GFP free in solution. Similarly, the fluorescence lifetimes of refolded, SR1-bound GFP (3.16 ns) and free GFP (3.21 ns) were essentially indistinguishable ( Figure 5B ). As both fluorescence emission spectra and fluorescence lifetimes are highly sensitive to the local environment of the fluorophore, these observations argued strongly that the SR1-bound refolded GFP had attained a native conformation, at least in the region of the fluorophore.
Examination of the rate of fluorescence anisotropy intermediates with an expanded volume will be prevented. In particular, theoretical studies argue that such observed (i.e., in the presence of both ATP and GroES). Second, similar increases in substrate flexibility are oba confinement of a folding reaction could lead to substantial stabilization of secondary structure (e.g., see served with the SR1 mutant. Because SR1 contains only a single ring, GroES binding to an SR1-polypeptide comYee et al., 1994). In addition to preventing aggregation, GroEL appears plex necessarily results in the formation of a cis ternary conformation in which GroES and polypeptide bind to to be able to alter folding reactions more actively. For example, GroEL can rescue nonnative folding intermedithe same GroEL ring. Third, in the SR1 mutant, which is defective in GroES release, efficient polypeptide foldates of both RUBISCO and mMDH that only slowly form irreversible aggregates but nonetheless do not readily ing to native form occurs while the polypeptide remains under GroES. 
